OBJECTIVES: To evaluate the cost-effectiveness of selfmonitoring of blood glucose (SMBG) in patients with type 2 diabetes treated with oral anti-diabetic agents (OADs) in Switzerland.
Introduction
The prevalence of type 2 diabetes continues to increase globally [1] .While there is a paucity of Switzerland-specific prevalence data, a recent population-based study in Lausanne reported a diabetes prevalence of 6.6% amongst 35-75 year old Caucasians [2] . This high and increasing prevalence is imposing an ever greater economic burden on healthcare payers, driving efforts to optimise the management of patients with type 2 diabetes. The potential value of self-monitoring of blood glucose (SMBG), as part of a multifaceted management strategy in patients not receiving insulin treatment, has been a contentious issue in recent years. Although SMBG is widely considered to be an effective and cost-effective measure in type 1 diabetes patients [3, 4] and insulin-treated type 2 diabetes patients [5, 6] , there has been much debate surrounding its use in type 2 diabetes patients on oral anti-diabetic agents (OADs) [7, 8] . This is reflected in the Swiss healthcare system where reimbursement for SMBG strips is currently restricted to 400 per year in patients with type 2 diabetes treated with OADs only [9] .
There is conflicting evidence from a number of randomised clinical trials performed to assess the effectiveness of SMBG in terms of blood glucose control (as measured by HbA1c) in type 2 diabetes patients on OADs [10] [11] [12] [13] [14] [15] [16] . A number of meta-analyses have been published which attempt to address the reliability of the data resulting from these studies. A study by Welschen et al., for example, concluded that the overall effect of SMBG was a statistically significant decrease of 0.39% in HbA1c [17] . However, the authors noted that the results should be interpreted with caution as the methodological quality of the majority of studies was limited. To comprehensively assess the effectiveness of SMBG in patients on OADs, the authors concluded that a large, randomised clinical trial with long-term follow-up would be necessary to measure quality of life, well-being, patient satisfaction and hypoglycemia.
No such randomised study has yet been published, although a large 4-year observational study of 16,091 patients initiating SMBG was released shortly after publication of the Welschen meta-analysis [18] . The study was based on the Kaiser Permanente diabetes registry in the US and contained over 30,000 patients in total, stratified by history of SMBG use, daily frequency of SMBG, type of diabetes and current treatment regimen. Of these, 5,867 patients were newly initiating SMBG and were on OADs only. In this subgroup, HbA1c reductions of 0.32%, 0.77% and 1.0% were observed in patients performing once daily, twice daily and three times daily SMBG respectively. Also of note was the observation of an HbA1c reduction of 0.16% in patients with a history of SMBG use who increased testing frequency by one strip per day. No additional HbA1c benefit was observed in patients performing SMBG more than three times per day.
Based on these real-world findings, we performed a health economic analysis designed to estimate the longterm clinical and cost outcomes associated with introducing regular SMBG as part of the management of type 2 diabetes patients not on insulin, in Switzerland.
Methods

Model and statistical methodology
Long-term health and economic outcomes associated with the use of SMBG were modelled using the CORE Diabetes Model, a validated and peer-reviewed computer simulation model of type 1 and 2 diabetes. A detailed description of the model and its validation has been published previously [19, 20] . In brief, the model comprises of 15 interdependent semi-Markov sub-models, each of which models the progression of a diabetes-related complication (including non-diabetes mortality). The complications modelled are angina, myocardial infarction, congestive heart failure, stroke, peripheral vascular disease, diabetic retinopathy, macular edema, cataract, hypoglyemia, ketoacidosis, lactic-acidosis, nephropathy, neuropathy, foot ulcer and amputation. Each sub-model simulates progression through complication-specific disease states using time-, state-and diabetes type-dependent transition probabilities sourced from numerous published clinical studies. Where clinical interactions between diabetes complications have been established, the corresponding sub-models are able to reproduce such interaction by tracker variable-mediated modification of transition probabilities. The model allows disease management and economic settings to be altered to reflect country-specific patterns of care.
The health economic analysis used a non-parametric bootstrapping approach, which modelled the progression of diabetes in a simulated 1,000-patient cohort. Second-order Monte Carlo simulation methods were employed to calculate the mean and standard deviation of costs, life expectancy and quality-adjusted life expectancy over 1,000 iterations [21] . Mean results from each iteration were used to create cost-effectiveness scatter plots which compared the differences in clinical and cost outcomes for patients using SMBG with those not using SMBG. These plots were then used to generate acceptability curves to assess the likelihood of SMBG being considered cost-effective over a range of willingness-to-pay thresholds up to CHF 120'000 per quality-adjusted life year (QALY) gained.
The model estimated the impact of SMBG on life expectancy, quality-adjusted life expectancy (based on previously published health utilities), cumulative event rates of diabetes-related complications, direct medical costs and incremental cost-effectiveness ratios (ICERs) over patient lifetimes, in line with health economic evaluation guidelines [19, 22] .
Simulation cohort
The baseline characteristics of a hypothetical patient cohort were defined using the baseline demographics and complication status of type 2 diabetes patients on OADs initiating SMBG in a longitudinal study of SMBG by the Kaiser Permanente healthcare group [18] . Mean baseline age was 62.8 years and mean baseline HbA1c was 8.6%. These data were supplemented, where necessary, with patient-specific data from a previous Kaiser Permanente study in type 2 diabetes patients or with data from the type 2 diabetes subpopulation of the NHANES study population survey (table  1) [5, 23, 24] . The base case analysis presented here therefore reports outcomes for a patient cohort similar to that participating in the Kaiser Permanente studies in terms of clinical and demographic characteristics, but within Swiss settings.
Treatment effects
Treatment effects in patients initiating SMBG versus those not using SMBG were taken from trial reports provided by Kaiser Permanente relating to the published study. The study reported SMBG use by average daily frequency ranging from 0.5 to 3 times daily in intervals of 0.5 tests per day. Frequencies of 0.5-1 times, 1.5-2 times and 2.5-3 times daily corresponded to HbA1c reductions of 0.32%, 0.77% and 1.0%, respectively, when compared with patients performing SMBG 0.5 times daily or less. It was conservatively assumed that the maximum testing frequency in each range was required to achieve the corresponding HbA1c improvement. Patients followed a treatment algorithm in line with published reports involving failure of OADs after five years and progression to an insulin-based regimen thereafter. Increased costs of treatment were accounted for after the treatment switch, although it was assumed that no further improvement in glycemic control would occur after initiation of insulin, despite the continuation of SMBG. In all cases, the HbA1c improvement associated with SMBG was applied in the first year of the simulation, after which HbA1c followed a natural progression based on the UKPDS Outcomes Model, in which HbA1c values converge with time [25] . [26] . Where Swiss costs could not be identified, no costs were accounted for. Direct medical costs were calculated as the sum of drug acquisition costs, patient management costs and the cost of complications (table 2 and 3). In the absence of health utility data specific to the Swiss setting, utilities were taken primarily from the UKPDS and, where necessary, supplemented with type 2 diabetes-specific utilities as previously reported [19] .
Costs and utilities
Discounting, time horizon and perspective
In all analyses, costs were accounted for from the perspective of a third-party healthcare payer. To capture lifetime costs and complications, the base case analysis was run over a time horizon of 30 years (with a mean baseline age of 62.8 years). Economic and health-related outcomes were discounted at 3% per annum in line with current recommendations [27] .
Sensitivity analyses
A number of one-way sensitivity analyses were performed on key assumptions to assess the magnitude of their influence on outcomes in the once-daily base case. To address the question of attainable SMBG-associated HbA1c benefits, the HbA1c reduction associated with once-daily SMBG was varied from 25% to 150% of that observed in the Kaiser Permanente study (absolute HbA1c reductions of 0.08% and 0.48%, respectively), in 25% intervals. Assumptions around the subsequent maintenance of HbA1c improvement were investigated by running two sensitivity analyses using a linear annual HbA1c increase of 0.15% in both arms (hence maintaining the improvement applied to SMBG patients). This linear increase assumption was applied over the first five years of the analysis (simulating a maintained HbA1c benefit on OADs) and then over the full time horizon (simulating a maintained benefit on OADs and insulin). In both cases, these assumptions replaced the UKPDS regression formula used in the base case, in which HbA1c values in the two arms converge with time. The effect of the time horizon was then evaluated by reducing it from 30 years in the base case to between 5 and 25 years in the sensitivity analyses. The impact of clinical and cost discounting was assessed by varying it from 3% in the base case to 0% and 6%. To investigate the projected effect of SMBG in a Swiss cohort, a sensitivity analysis was performed in which baseline cohort data were taken from a retrospective cost study in type 2 diabetes patients in Switzerland [28] . Finally, the effect of varying SMBG frequency was also assessed by increasing frequency to twice and three times daily tests and accounting the associated costs and HbA1c benefit in line with the Kaiser Permanente study.
Results
Long-term clinical outcomes
Use of once, twice or three times daily SMBG was projected to increase life expectancy and quality-adjusted life expectancy, and to reduce diabetes complications when compared with no SMBG in SMBG-naïve patients with type 2 diabetes on OADs (tables 4 and 5). Improvements in HbA1c associated with SMBG led to long-term benefits in projected, undiscounted life expectancy of 0.104, 0.235 and 0.311 years for once, twice and three times daily SMBG respectively versus no SMBG. Acquiring patients' quality of life in the analysis also showed long-term benefits with SMBG. Incremental quality-adjusted outcomes were found to increase with frequency of SMBG, showing discounted quality-adjusted life expectancy of 0.058, 0.128 and 0.167 QALYs for SMBG performed once, twice and three times per day respectively compared with no SMBG.
Increasing daily frequency of SMBG also led to decreased incidence of diabetes-related complications. The cumulative incidence of all complications projected over patient lifetimes are shown in table 5 for the base case and for twice and three times daily SMBG. Reductions in the incidence of both micro-and macrovascular complications were observed. For instance, background retinopathy was seen to decrease from 19.0% in patients not using SMBG to 15.2% in patients performing SMBG three times daily,
Figure 1
Incremental cost-effectiveness scatter plots for SMBG once (A), twice (B) and three times daily (C) SMBG versus no SMBG. Costeffectiveness acceptability curves for once, twice and three times daily SMBG versus no SMBG (D).
Figure 2
Incremental cost-effectiveness ratios for once daily SMBG versus no SMBG over a range of HbA1c benefits.
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Swiss Med Wkly. 2010;140:w13103 while incidence of end-stage renal disease decreased by 33% (from 3.4% without SMBG to 2.2% in three times daily SMBG patients). A reduction in incidence was also observed across all macrovascular complications with the exception of stroke. For example, acute myocardial infarction was projected to decrease from 27.3% in patients not performing SMBG to 24.2% in three times daily SMBG patients. The projected increase in the cumulative incidence of stroke was likely due to the increased life expectancy of patients using SMBG, representing a survival paradox in which healthier patients are exposed to risk factors for longer and therefore experience more complication events.
Long-term costs and cost-effectiveness SMBG, regardless of frequency, was associated with increased direct medical costs over patient lifetimes when compared with no SMBG (Table 6 ). Specifically, total costs increased by CHF 528, CHF 1'650 and CHF 2'899 in patients performing SMBG once, twice and three times daily respectively, when compared with those not performing SMBG. Pharmacy costs (including costs associated with SMBG) were markedly higher in patients using SMBG (CHF 2'203, CHF 4'150, and CHF 5'987 higher for once, twice and three times daily respectively compared with no SMBG), but this was partially offset by cost savings arising from reduced incidence of micro-and macrovascular complications, particularly renal complications (CHF -751, CHF -1'238 and CHF -1'474 respectively).
Estimated incremental cost-effectiveness ratios (ICERs; calculated as the difference in costs divided by the difference in effectiveness) were CHF 9'177, CHF 12'928 and CHF 17'342 per QALY gained for once, twice and three times daily SMBG respectively, indicating that the introduction of SMBG is likely to be cost-effective by generally accepted standards in Switzerland (table 6) . Mean incremental cost and quality-adjusted life expectancy val- Taking statins (%) 80 Expert opinion ACE = angiotensin-converting enzyme; ARB = angiotensin receptor blocker; BDR = background diabetic retinopathy; BMI = body mass index; ESRD = end-stage renal disease; GPR = gross proteinuria; HbA1c = glycated haemoglobin; HDL = high density lipoprotein cholesterol; HF = heart failure; LDL = low density lipoprotein cholesterol; LVH = left ventricular hypertension; MA = microalbuminuria; MI = myocardial infarction; PDR = proliferative diabetic retinopathy; PVD = peripheral vascular disease; SBP = systolic blood pressure; SVL = severe vision loss 1 A, B and C). This analysis showed that the upper right quadrant of the plane contained the largest proportion of points (43.9%, 59.3% and 70.6% for once, twice and three times daily SMBG respectively), indicating increased effectiveness and costs associated with SMBG use when compared with no SMBG. Once daily, twice daily and three times daily SMBG was associated with both increased effectiveness and cost savings in 20.0%, 22.8% and 17.5% of model iterations, respectively. The same data were used to plot a cost-effectiveness acceptability curve to illustrate the proportion of values that fell below a range of willingness-topay thresholds and hence the likelihood that SMBG would be considered cost-effective ( figure 1D ). Assuming a willingness-to-pay threshold of CHF 80'000 per QALY, in line with a recently published analysis in the Swiss setting [29] , there was a 66.8% chance that once daily SMBG would be cost-effective. This rose to 80.9% and 83.9% for twice and three times daily SMBG, respectively.
Swiss Med Wkly. 2010;140:w13103 ues from the 1,000 model iterations were used to generate scatter plots on the cost-effectiveness plane (figure
Sensitivity analyses
The sensitivity analyses demonstrated that projected outcomes were most sensitive to the time horizon of the simulation, the modelled HbA1c improvement and, to a lesser extent, the assumptions regarding progression of HbA1c (table 7) . To assess the magnitude of the effect of HbA1c improvement on cost and effectiveness outcomes, a series of analyses were performed in which the HbA1c improvement was varied from 25% to 150% in 25% intervals, where 100% represented the HbA1c reduction observed in once daily SMBG patients in the Kaiser Permanente study. The ICERs from these analyses are presented in figure 2 . The 25% "worst case" scenario gave an ICER of CHF 51'455 per QALY gained, which would still be considered cost-effective in the Swiss setting. The 150% scenario, which modelled an absolute HbA1c reduction of 0.48% in once daily SMBG users, resulted in a projected ICER of CHF 4'790 per QALY gained. Sensitivity analyses, in which the HbA1c progression was changed from the UKPDS regression formula to a linear increase of 0.15% per year, resulted in ICERs of CHF 9'990 per QALY (with the linear increase applied on both OADs and insulin) and CHF 10'046 per QALY (with the linear increase applied on OADs only and the UKPDS regression formula applied thereafter). For time horizons less than 30 years, the corresponding ICERs were greater, but only exceeded CHF 80'000 per QALY in the five year scenario (table 7) . The increase in ICER values at shorter time horizons was due to the reduced time period in which the benefits of lower HbA1c levels can be accounted. For example, any cost savings resulting from decreased incidence of complications that typically occur at later time points, such as myocardial infarc- 
Discussion
Based on clinical data from the Kaiser Permanente outcomes study, the use of SMBG in type 2 diabetes patients on OADs was projected to increase life expectancy and quality-adjusted life expectancy, and to reduce diabetes complications in a Swiss setting compared with no SMBG. Direct costs were projected to increase at any frequency of SMBG, although the greatest cost increase of CHF 2'899, observed in patients performing SMBG three times daily, resulted in an ICER of CHF 17'342 per QALY, representing good value for money according to commonly quoted willingness-to-pay thresholds in Switzerland.
In light of the results of the present analysis, it is important to note that the purported benefits of SMBG in terms of glycemic control remain controversial in type 2 diabetes patients treated with OADs. As has been noted previously, the process of simply measuring blood glucose is ineffective in terms of improving clinical outcomes [8, 3] . Rather, SMBG provides information that can subse- Values are presented as mean (SD). Δ represents the difference from no SMBG. BDR = background diabetic retinopathy; CHF = congestive heart failure; ESRD = endstage renal disease; GRP = gross proteinuria; LDL = low density lipoprotein cholesterol; LVH = left ventricular hypertension; MA = microalbuminuria; ME = macular edema; MI = myocardial infarction; PDR = proliferative diabetic retinopathy; PVD = peripheral vascular disease; SVL = severe vision loss Costs are presented as mean (standard deviation). BDR = background diabetic retinopathy; CHF = Swiss Franc, 2006 values; CVD = cardiovascular disease; ICER = incremental cost-effectiveness ratio; ME = macular edema; PDR = proliferative diabetic retinopathy; QALY = quality-adjusted life year; SVL = severe vision loss.
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Swiss Med Wkly. 2010;140:w13103 quently inform changes in treatment protocols and, potentially, lead to improved glycemic control. A number of meta-analyses investigating SMBG have reported statistically significant HbA1c reductions of between 0.16% and 0.4% in orally-treated patients performing SMBG compared with those not performing SMBG [17, [31] [32] [33] [34] [35] . However, as Welschen et al.reported, there is considerable inter-trial heterogeneity with regard to the included interventions and patient populations. Methodological concerns regarding the within-trial treatment allocation and provision of patient education were also cited as potential caveats. Some of the inter-trial variability observed in the SMBG meta-analyses might be explained by the differences observed between new and prevalent users of SMBG in the Kaiser Permanente study. Pooling of users initiating SMBG with prevalent users is likely to bias outcomes depending on the proportion of each user group in the final cohort, data that are rarely reported, even in SMBG-focused studies. Reassuringly however, sensitivity analyses using a reduction of only 0.08% in HbA1c demonstrated that SMBG was still cost-effective versus no SMBG.
Furthermore, a recent systematic review and meta-analysis by Allemann et al. showed that SMBG use was associated with a larger reduction in HbA1c than no SMBG in non-insulin treated type 2 diabetes patients [36] . The analysis, which was based on 15 randomised trials including a total of 3,270 patients, reported a weighted mean difference of -0.31% between SMBG and no SMBG (95% confidence interval -0.44 to -0.17), which was 0.01% less than the reduction reported in the Kaiser Permanente study which formed the basis of the present analysis. The Allemann et al. meta-analysis also noted that the effect of SMBG use on HbA1c tended to be greatest in patients with poor glycemic control, a sub-population in which reimbursement of SMBG strips would likely represent excellent value for healthcare spending. Finally, Allemann et al.reported an increased probability of detection of hypoglycemia in SMBG users, leading to potential improvements in safety and compliance in addition to the reported benefits in glycemic control.
Another recent study, reported by Farmer et al., was based on the DiGEM primary care randomised controlled trial and lacked many of the confounding factors present in the meta-analyses [30] . The study reported a decrease in HbA1c of 0.17% over 12 months in the intensive selfmonitoring group compared with no change in the control group, but the result was shown to not be statistically significant (p = 0.12). However, Farmer and colleagues' study highlights some of the difficulties associated with assessing the impact of SMBG in a randomised controlled trial en- vironment. With regard to the DiGEM study, for example, the criterion requiring baseline HbA1c less than 7.5% combined with a higher standard of care in the control group than is typical outside a clinical trial setting may have limited the apparent benefits of SMBG in this population. Other randomised trials investigating SMBG suffer from additional limitations. Davidson et al., for example, present a study in which patients from both arms were titrated according to fasting plasma glucose levels. In this case, an insignificant inter-arm difference in HbA1c levels after six months would be anticipated, regardless of SMBG use [15] . Similarly, O'Kane and colleagues recently presented the results of a randomised controlled trial in which patients in both arms were treated using an HbA1c target of 7.5%, by increasing metformin dose up to a maximum of 2g per day, then initiating patients on gliclazide up to 320 mg per day and finally initiating TZDs or insulin [16] . As in the Davidson study, patients being treated using an HbA1c target-based algorithm in the controlled setting of a clinical trial would be unlikely to see any benefit of SMBG relative to patients not using SMBG, but being treated in the same setting using the same algorithm. Observational studies are, therefore, an important data source reporting the efficacy associated with "everyday" use of SMBG. The "break even" analysis presented in Figure 2 was designed to address the uncertainty regarding the magnitude of HbA1c benefit associated with SMBG. The aforementioned "worst case" scenario, which assumed an absolute HbA1c reduction of 0.08%, resulted in an ICER of CHF 51'455 per QALY gained, falling below even relatively stringent willingness-to-pay thresholds in the Swiss setting. However, a number of potential weaknesses of this cost-effectiveness analysis should be considered. The input data regarding SMBG-related HbA1c benefits were derived from an observational study rather than a randomised controlled trial or meta-analysis. Despite the study's robust design and execution and the use of a "real world" setting as opposed to a trial environment, potential sources of bias remain, as acknowledged by Karter et al. [18] Firstly, the difference in baseline glycemic control between initiators of SMBG (baseline HbA1c of 8.6%) and the reference group (7.3%) may suggest reverse causality in that the difference may have led to changes in exposure to SMBG rather than vice versa. Second, the level of SMBGcentred patient education or instruction was unknown to the researchers. Finally, the lack of available data regarding changes in medication dose may have, for example, incorrectly attributed to OAD-driven improvement of glycemic control to SMBG, a situation that may have arisen in patients who simultaneously initiated SMBG and an intensified course of oral anti-diabetic agents. While the Karter et al. study, like all observational studies, was potentially subject to a range of additional confounding factors, the comprehensive nature of the Kaiser Permanente database allowed the researchers to adjust for patients' diabetes selfcare practices, medication adherence, and lifestyle behaviours, each of which could be independently associated with monitoring frequency. Adjusting for these variables resulted in only minimal changes in the point estimates for the effect of SMBG, demonstrating that the relationship with improved glycemic control was robust in this patient group.
A potential weakness of the present analysis was the omission of quality of life utilities associated directly with the process of SMBG. Currently, evidence surrounding such utilities is conflicting. The Welschen et al. meta-analysis of SMBG in diabetes patients not using insulin found two studies that reported quality of life outcomes [17] . Muchmore et al. used the Diabetes Quality-of-Life Inventory to assess the satisfaction, impact and worry (diabetesrelated and social/vocational) quality of life dimensions in 23 obese, type 2 diabetes patients. The study reported no statistically significant differences in quality of life at 0, 24 or 44 weeks between the intervention and control groups [37] . The second study, by Schwedes et al., reported outcomes from the Patient Well-Being Questionnaire and the Diabetes Treatment Satisfaction Questionnaire in 223 patients (113 performing SMBG and 110 control subjects who received diet and lifestyle counselling) across multiple centres in Germany and Austria. The study reported similar increases in treatment satisfaction in both groups and a marked improvement in well-being in the patients performing SMBG (across all items in the Patient Well-Being Questionnaire) [38] . Conversely, Franciosi et al. reported that in a group of 2,968 Italian type 2 diabetes patients not using insulin, those performing SMBG at least once daily (n = 471) experienced significantly higher levels of distress, worry and depressive symptoms than those performing less frequent SMBG (n = 1,313) or no SMBG at all (n = 1,071) [39] . Should definitive data on changes in quality of life associated directly with SMBG be published in the future, it will be important to revisit the findings of the present analysis in the context of the new utility data.
The strengths of this cost-effectiveness analysis include the use of clinically relevant treatment effects and the use of country-specific costs to generate the most realistic assessment possible based upon currently available evidence. The sensitivity analysis in which a Swiss-specific cohort was modelled increased the ICER by CHF 2'879 per QALY for once daily SMBG, suggesting that the results would also be applicable in the Swiss setting. The recently reported Kaiser Permanente study is one of very few studies that have attempted to quantify the relationship between frequency of SMBG and glycemic control in defined patient groups with type 2 diabetes. Given the direct relationship between frequency of SMBG and the cost of this practice, demonstration of the health-economic impact of increasing testing frequency is of particular importance when making general health policy decisions. By using a validated model of diabetes to project the results from this largescale observational study over patient lifetimes, we have demonstrated that, for type 2 diabetes patients treated with OADs and newly initiating SMBG, SMBG at a frequency of once, twice or three times per day would likely be considered cost-effective compared to no SMBG. Therefore concerns regarding the initial cost of implementing SMBG should not be a barrier to providing this intervention to SMBG-naïve, type 2 diabetes patients treated with OADs in Switzerland.
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